Air-pumping noise from a car tire is investigated with a hybrid technique composed of three stages: ͑1͒ small-scale air-pumping noise generation process is modeled as a piston-like movement of the base-side of the tire groove and then numerically simulated; ͑2͒ the flow properties in the tire groove are used as air-pumping sources and noise propagation is simulated with emphasis placed on scattering process with full tire/road geometry; ͑3͒ the far-field acoustic pressure is predicted from a Kirchhoff integral method by using unsteady flow data in space and time which is provided by the computational fluid dynamics ͑CFD͒ calculation of full tire-road domain. The comparison of predicted results shows that the nonlinearity of the air-pumping noise generation mechanism affects not only noise characteristics in frequency domain but also in the directivity pattern. It seems that this approach can overcome the weakness of the acoustic monopole theory which stems from the usual assumption of a small amplitude acoustic wave equation while using nonlinear governing equation for the CFD calculation. Furthermore, through the use of a computational domain which covers tire and road surface, the geometric effects on air-pumping noise generation and propagation are taken into account in the source modeling process.
I. INTRODUCTION
In general, tire/road noise generation mechanisms can be divided into vibration-related and aerodynamically-related groups according to the media in which noise occurs and its effects. 1 The examples of the noise of vibration-related mechanism are tread impact noise, texture impact noise and stick/slip or stick/snap noise which result from the impact of tire tread blocks or pattern elements on the road surface, the stroke of road surface texture on the tire tread, and the tread element motion relative to the road surface, respectively. On the other hand, turbulence noise around rolling tire and airpumping noise caused by the air displacement into/out of cavities in or between the tire tread and the road surface are classified as the noise of aerodynamically-related mechanism. Moreover, pipe resonance in the grooves of tire tread pattern and Helmholtz resonance in the tire tread and the road surface can be categorized into the aerodynamicallyrelated mechanism as a special case of the air-pumping mechanism. 2 Since the first investigation of the air-pumping noise generation mechanism by Hayden 3 in 1971, most studies have characterized the air-pumping noise source as the volume change of air cavities in car tires. Besides, it has been assumed that the air displaced from the compressed groove feeds an acoustic monopole. In these approaches, the Euler equations are applied for an air-pumping noise source which is modeled as vibrating point monopole source. Here, the sound pressure is related to the second derivative of the volume changes of the squeezed cavities. Until now, lots of studies based on the monopole theory have been performed and some experimental investigations have shown satisfactory agreement with this approach.
this approach models the air movement as a piston motion moving upward and downward in the cavity, it equates local air movements exactly with the volume changes of the cavity. In the monopole theory, therefore, the movement of the piston does not cause any compression or expansion of the adjacent air. As a consequence, the piston applied in the monopole theory is not directly related with the air-pumping noise generation but is a simple apparatus for the volume changes of the cavity. Gagen 6 argued that, considering a typical period over which a cavity undergoes squeezing, the volume decrease of the cavity may occur before the air is able to fully evacuate from it. Furthermore, the volume loss of the cavity can cause potentially large density fluctuation. Thus, this invalidates the use of the usual acoustic wave equation which is based on the assumption of small amplitude fluctuation. In order to consider this nonlinear effect, he derived a "squeezed acoustic wave equation" suitable for application to squeezed fluid systems. He considered tire grooves in a rectangular geometry and used the Euler equations for fluid flow together with the moving boundary conditions specifying the cavity under compression. By obtaining an approximate analytic solution, he demonstrated that the usual assumption of the small amplitude acoustic wave equation and the acoustic monopole theory derived from this equation is incorrect for the squeezed system. However, even in the derivation of the squeezed acoustic wave equation, geometrical effects on the air-pumping noise generation and propagation are not considered. In that the squeezed system doesn't have any wall boundary condition to take into account the contact road surface near the cavity exit, the compressed air may evacuate from the cavity during the whole period of the compression process. In real compression process of the air-pumping mechanism, however, due to the time delay between the volume changes and resultant air movement, some portion of compressed air may be trapped in the cavity. After that, as the cavity moves away from the contact patch, the trapped air is pressed away at the beginning of expansion process and interrupts suction of outside air into the cavity. ͑Several researchers modeled this noise generation mechanism as a Helmholtz resonance phenomenon, and investigated separately from the air-pumping mechanism. 7, 8 Under the consideration of an air-pumping mechanism with the compressible flow properties, however, Helmholtz resonance phenomenon must not be separated.͒ Besides, when the cavity undergoes compression or expansion ͑volume decrease or recovery͒ process, the tire and the road surface form exponentially widening acoustic "horn" geometry close to the leading and trailing edges of the contact patch. And this horn geometry helps to radiate the generated noise and amplifies far-field noise amplitude. Obviously, the variations of these external boundary conditions may change the flow properties in the cavity. As a result, the generation mechanism and the propagation characteristics of the air-pumping noise are different from those of single squeezed system. Therefore, to examine the main features of the air-pumping noise and to find the hidden noise generation mechanism, the air-pumping noise source model and the noise prediction method which can consider the nonlinear noise generation and the geometrical scattering are needed.
In this article, a new method to predict the air-pumping noise in a rolling tire is proposed. This method is based on a hybrid technique which combines a computational fluid dynamics ͑CFD͒ technique with a Kirchhoff integral method. First, a Navier-Stokes finite volume solver is executed to solve the squeezed cavity system, which is newly modeled with piston/sliding-door/cavity geometry. Then the resultant flow properties in the grooves of the rolling tire are transferred to the flow simulation of the full tire/road domain as an air-pumping noise source. Finally, in order to predict the far-field acoustic pressure, the flow properties around the rolling tire and the road surface are transferred to the linear Kirchhoff integral method. Figure 1 summarizes the schematic of the proposed prediction procedures.
The outline of the remainder of this article is as follows. First the procedure of the proposed air-pumping noise prediction method is introduced in Sec. II, and numerical formulation is employed follow in Sec. III. The predicted results are provided in Sec. IV, which includes discussions about air-pumping noise generation mechanism in time and frequency domains. In Sec. V, the effect of ventilation on the air-pumping noise is investigated, and predicted results are compared with previous experimental data. The conclusion of this work is then presented in Sec. V. 
II. PREDICTION METHOD FOR THE AIR-PUMPING NOISE
A. Small-scale noise generation simulation with the piston/sliding-door/cavity model When a tire rolls, a tire groove is squeezing as it enters the contact patch between the tire groove and the road surface. As the tire groove progresses through the contact patch, it closes up which results in the air which is trapped within it being compressed. After that, as the tire groove has been released from the contact patch, this compressed air is released and pressed away from it. This squeezing and releasing process of the tire groove is similar to that of pumping noise and known as air-pumping noise generation process. 2 In the present study, to model this air-pumping noise generation process with considering the effect of the road surface, the piston/sliding-door/cavity model is proposed. The tire groove is modeled as a hexahedral cavity, which has a baffled cavity-cover that acts as a sliding-door and a baseside that moves like a piston. This model is shown schematically in Fig. 2 . The squeezing/releasing and resulting volume decreasing/increasing process of the tire groove is modeled by the piston-like movement of the base-side of the cavity. In addition, the relative motion of the contact patch to the tire groove is modeled as the closing/opening motion of the sliding-door at the cavity open end, which has the same period as the compression/expansion motion of the piston. Here, it is assumed that there are no more volume decrease of the tire groove after the tire groove is fully covered by the road surface. Therefore, at the moment that the hexahedral cavity is closed by the sliding-door, the piston is paused and kept in its position for some time period which is determined by the tire rolling speed. After that, as the tire groove moves away from the contact patch trailing edge, the opening motion of the sliding-door and the expansion motion of the piston are started.
B. Near-field noise propagation simulation with the full tire/road geometry
The unsteady flow data obtained in the previous stage are used as air-pumping noise sources in the second stage, where noise propagation is simulated with emphasis placed on the scattering process with the full tire/road geometry. The flow properties in the compression process of the baseside piston are used as an air-pumping noise source in the volume decreasing process of the tire groove at the contact patch leading edge. Also, the properties in the expansion process are used as a noise source in the volume increasing process at the contact patch trailing edge. The schematic diagram of the full tire/road geometry and boundary conditions for the near-field noise propagation simulation are shown in Fig. 3 .
In the present study, it is assumed that the tire has a cylindrical geometry. Moreover, the deformation of the tire side-wall is not considered. Thus, the full tire/road geometry has the same conceptual configuration as "the undeformed slick-treaded tyre model" in the TINO project. 9 In order to take into account the tire rolling motion, the angular velocity of the tire is imposed for the wall boundary condition of the cylinder, and the traveling speed of the tire is imposed for the wall boundary condition of the road surface. Further, at the nearest cells to the edges of the contact patch, the airpumping noise sources are located as line sources. These source terms are determined by the mass flow rate and velocity vector data at the cavity open end, which are acquired in the numerical simulation of the piston/sliding-door/cavity model. The resulting source terms are then added to the governing equations. data obtained by the CFD calculation of the full tire/road domain with modeled air-pumping noise sources are used as an input to the Kirchhoff integral formula. In order to obtain the coordinate system which is coincident with that of general laboratory road-wheel facility test, 4 the traveling speed of the tire is imposed for the wall boundary condition to the road surface. In this coordinate system, the tire position and the observation point become fixed in space. As a result, the Kirchhoff integral formula for a stationary control surface is acceptable. Then, this Kirchhoff integral formula can be regarded as the analytic expression of Huygens' principle. 10 The integration is performed at the control surface, called the Kirchhoff surface, containing the flow field information. In the proposed method, the cylindrical surface that is magnified the tire surface can be considered as the control surface. Furthermore, in order to consider reflection effect by the road surface, the method of images 11 is applied by imposing the image sources under the road surface. Figure 4 shows the schematic of the image source and the Kirchhoff surface under the consideration.
III. NUMERICAL FORMULATION

A. Monopole theory
Though the monopole theory is not used in the proposed method, the authors will briefly introduce the monopole theory for later comparison with the proposed method.
The monopole theory applies the acoustic wave equation to a vibrating point source modeled as a small spherical emitter of radius, a, undergoing small oscillations much less than the radius. In case of a spherical wave centered at the coordinate origin, all the flow parameters are functions of the radial distance, r, and t only. Since the pressure gradient acts radially, the fluid velocity can only be in the radial direction. Thus, the wave equation reduced to 1 c 2
‫ץ‬
2 pЈ
and the general solution of Eq. ͑1͒ is as follows:
where c is speed of sound, and f can be any functions. Suppose that the radial velocity at radius, a on the surface of the spherical radiator is specified to be u a . And, if the source is much smaller than the wavelength of sound, this surface vibration will generate the centered wave like
where, 0 is the density of air. Meanwhile, the resulting volume change is related to the radial velocity on the surface of the sphere taken on the following form:
In turn, this allows us to substitute Eq. ͑4͒ back into Eq. ͑3͒ to obtain
which is relating the pressure wave emitted by a monopole source to the second derivative of the volume change of that source.
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B. CFD techniques
An unsteady, compressible, and three-dimensional Navier-Stokes equation is solved to analyze the flow field around a rolling tire and in the squeezed cavity system modeled as the piston/sliding-door/cavity geometry. The system of equations consists of a local time derivative term, three convective, and three viscous flux vectors. In physical coordinates, the governing equation written in the nondimensionalized conservative form is
where conservative variables, Q, and flux vectors are 
With the perfect gas assumption for the Newtonian fluids, shear stress can be written as
͑7͒
Here, from the local thermodynamic equilibrium state of fluid, viscous coefficients, , satisfy the Stokes hypothesis, 3 +2 = 0. And, energy terms of viscous flux are represented as follows:
To complete the set of compressible equations, the perfect gas equation of state is defined as
where ␥ represents the specific heat ratio. The solution algorithm is based on the PISO method, 13 and the fully implicit scheme 14 is used for time discretization and the quadratic upstream interpolation for convective kinematics ͑QUICK͒ scheme 15 is used for spatial discretization. The QUICK scheme is a higher order differencing scheme, and uses a three point upstream weighted quadratic interpolation for cell face values. The formulation of the QUICK scheme for uniform grid spacing is given by following expression:
Based on an analysis of the truncation error the properties of the QUICK scheme for ‫ץ‬f / ‫ץ‬x can be expressed as
In the numerical simulation of the piston/sliding-door/ cavity geometry, an additional equation called the geometric conservation law 16 ͑GCL͒ is solved for the moving coordinate velocity. The integral form of GCL is derived from the conservation of mass by setting the density of fluid, = 1 and the velocity of fluid flow, v = 0. It can be written as follows:
where u s represents the local velocity of cell boundary, V is the volume of element, and S is the surface area of element. Equation ͑12͒ means that the change in volume of each control volume between two time instants, t n and t n+1 , must be equal to the volume swept by the cell boundary during that time ⌬t = t n+1 − t n . By a transformation from the Cartesian coordinate ͑x , y , z͒ to the body-fitted coordinate ͑ , , ͒, the following form of the integral statement is acquired:
Here, J represents the volume element in the transformed coordinate. Therefore, the computed value of J must be consistent with the value of ⌬V implied by the numerical scheme used for solving the flow equation. Expanding the right-hand side of Eq. ͑13͒ and after performing necessary manipulations, the following form of the differential statement of GCL is obtained:
where, t , t , t are the metric terms given by
͑15͒
Here, ẋ, ẏ, ż are the grid velocities in the x, y, and z directions, respectively. Equation ͑14͒ is solved numerically to update the Jacobian values at each time step. The difference equation for the fully implicit scheme is given by
where the metric coefficients are calculated from Eq. ͑15͒ at the ͑n +1͒th time step and the grid velocities are calculated as follows:
͑17͒
C. Kirchhoff integral method and method of images
The Kirchhoff integral method applies the wave equation between a known acoustic surface, S, and a point in space within a uniform field. 17 The surface is assumed to contain all nonlinear flow effects and noise sources. This method allows propagation of a known sound field to a single point in space, and is useful when acoustic near field is already known.
The linear Kirchhoff integral formula is as follows:
Here, pЈ is the perturbed pressure, ͑x ជ , t͒ are the observer's location and time, ͑y ជ , ͒ are the source location and retarded time variables, is the angle between the normal vector ͑n ជ͒ on the surface and the radiation vector ͑r ជ͒, and r is the distance between an observer and a source at the retarded time.
Note that pressure and its derivatives are calculated at the retarded time, .
To consider the road surface effect the method of images can be applied in the Kirchhoff integral formula. 11 Suppose that the mean flow is zero and let V be the region y 2 ജ 0 ͑shown in Fig. 4͒ . It is constructed that the free space Green's function whose normal derivative vanishes on the boundary y 2 = 0. Since
is a solution to the homogeneous wave equation when y x, and since this equation is invariant under the transformation y 2 → −y 2 , a solution of the homogeneous wave equation that satisfies the causality condition is
where RЈ = ͉x − yЈ͉ and yЈ = y 1 i − y 2 j − y 3 k. Then, as yЈ is never in V, h is nonsingular in this region, the Green's function satisfies the boundary condition of the road surface in the region V is G͑y,͉x,t͒ = 1 4R
IV. PREDICTION OF AIR-PUMPING NOISE
The tire is modeled as a cylindrical geometry which has the dimension of 165/70 SR 13 tire and the traveling speed is 100 km/ h ͑27.8 m / s͒. Thus, it has a dimension of 346.64 mm in radius ͑0.5D͒ and a width ͑W͒ of 165 mm. The contact patch length is assumed to be 189 mm, which is reported in previous experiment 18 in case of the tire being loaded by two passengers. In addition, the tread pitch of the tire is adjusted to 55.6 mm so that the fundamental tread impact frequency at the speed of 100 km/ h is 500 Hz. The tire groove is assumed to be a hexahedral cavity which has a dimension of 6 mm in width ͑w͒, 6 mm in depth ͑d͒, and 165 mm in length ͑l͒. In Fig. 5 , the schematic diagram of the tire groove geometry is shown. The tire groove is assumed to be a transverse pocket-type where all sides of the hexahedral cavity are closed except for one open end. Moreover, in order to consider the relative motion of the contact patch, the sliding door is located at the open end. The adoption of the transverse pocket-type groove has an advantage in investigating the nonlinearity of the air-pumping noise generation mechanism through the reduction of the air flow in the direction of tire side-wall. As reported in previous research, 19 the decrease in volume of the tire groove is assumed to be 10% of the total volume. In addition, the volume changes are assumed to be simple harmonic. The dimensions and numerical settings are listed in Table I .
As mentioned earlier, when the monopole theory is applied to predict the air-pumping noise, directional characteristics of the air-pumping noise and the geometrical effects on noise generation and propagation cannot be investigated. Instead of using the monopole theory, therefore, the linear source model which equates the air movement exactly with the volume changes of the tire groove is introduced. Through the comparison of the linear and the nonlinear source model, the nonlinear characteristics of the air-pumping noise are investigated. In case of predicting air-pumping noise with the linear source model, the air velocity at the open end of the cavity is assumed to be identical to the velocity of the piston. In addition, the air density is to be constant in ambient value. Therefore, the input in numerical simulation of the full tire/ road domain is acquired in algebraic manner and a numerical simulation of small-scale noise generation is not necessary. Variation of cavity depth in compression process
A. Small-scale noise generation simulation
The small-scale air-pumping noise generation process modeled with the piston-sliding-door/cavity geometry is numerically simulated. The grid system is characterized by a hexahedral free field domain and a cavity domain, which represents the tire groove. Figure 6 shows the computational mesh for the air-pumping noise source model simulation. The free field domain has a dimension of 10w in width, 10d in depth, and 2l in length. Total number of nodes is 406 172 and total number of cells is 384 000. In order to separate the air-pumping noise source to the turbulent noise source, it is assumed that there is no mean flow. Besides, the road surface is assumed to be perfectly reflective. Therefore, no-slip boundary condition is imposed at the cavity surfaces, the sliding-door surface, and the road surface. For the reduction of computational cost, a symmetric boundary condition is taken on the tire's plane of symmetry and the flow analysis is performed in a half of the tire groove. Figure 7 shows the contours of the perturbed pressure in the air-pumping noise generation process. Each sectional diagram shows the perturbed pressure distributions on the planes parallel to the XY plane, located at distances 20, 40, 60, and 80 mm from the tire's plane of symmetry. Also, Fig.  8 shows streamlines on the tire's plane of symmetry.
At the contact patch leading edge, the cavity is gradually covered by the sliding-door and, at the same time, the air in it is compressed by the piston. Thus, the air flow in the cavity evacuates with a bias, and a vortical flow is generated outside the cavity. This vortical motion of the evacuating flow is suppressed by the road surface in real situation and by the wall boundary condition in the second stage flow simulation of the full tire/road domain. However, at the contact patch trailing edge, there exists a vortical flow in the cavity rather than the outside it. This vortical flow generation in the tire groove results from the collision of the compressed outgoing air flow and the incoming air flow suctioned by the piston. Judging from a standpoint of the monopole theory, therefore, the compressed air suppresses the volume increase of noise source. Thus, it is expected that the characteristics of the air-pumping noise are not harmonic even if the volume changes of the cavity are. That is to say, the compressibility of air and the relative motion of road surface to the tire groove will cause the difference between the spectral characteristics of air-pumping noise and that of noise source.
In addition, as seen in Fig. 7 , even though the tire has transverse pocket-type grooves, there exists an air flow around the tire sidewall, or near the side of the cavity. The air is compressed and pressed away to this region at the contact patch leading edge, and expanded and sucked into the cavity from it at the contact patch trailing edge. Therefore, this perturbed pressure around the tire sidewall region will generate the far field air-pumping noise in this direction. However, in case of using the linear source model, even in the Helmholtz resonance approach, this air flow cannot be taken into account due to the assumption of equating air velocity to that of the moving piston.
B. Near-field noise propagation simulation
In the second stage, the unsteady flow data acquired by the small-scale noise generation simulation are used as airpumping noise sources in the near-field noise propagation simulation with the full tire/road geometry. In Fig. 9 , the computational mesh for the full tire/road geometry is shown. The computational domain has a dimension of 10D in radius and 10W in width. Total number of nodes is 250 650 and total number of cells is 240 044. As the piston/sliding-door/ cavity simulation, a pressure prescribed boundary condition is applied at far boundary and a symmetric boundary condition is taken on the tire's plane of symmetry. A no-slip boundary condition is imposed on the tire and the road surface, which is adjusted by the angular velocity of the tire for the cylinder wall and the traveling speed for the road surface. Figures 10 and 11 show the results of the simulation of the full tire/road domain with the linear source model ͑model 1͒ and with the proposed piston/sliding-door/cavity model ͑model 2͒, respectively. First, it is found that the tire/road geometry has an effect on not only the air-pumping noise generation process but also the air-pumping noise propagation. As the compression waves which are generated by the air-pumping noise sources at the contact patch edges propagate through the hornlike region, wave fronts are deformed normal to the surfaces around the tire and the road. This wave front deformation is observed both two model cases. Thus, it is inferred that the cause of this deformation of the wave form is not the nonlinear characteristics of the airpumping noise generation mechanism but the horn-like geometry.
Though the geometrical effect is observed in both two model cases, it is easily seen the difference between model 1 and model 2. In case of model 1, the perturbed pressure is distributed almost uniformly along the tread area of the tire and weak pressure perturbation is observed on the tire sidewall. However, in case of model 2, at the initial stage of air-pumping, there exists a strong pressure perturbation near the tire sidewall, especially around the contact patch leading and trailing edge. This pressure perturbation on the tire sidewall is due to the air flow in the region of the side of the tire groove, which is observed in Fig. 7 . As mentioned before, the pressure perturbation in the region of the tire side-wall will cause the far-field noise propagation in the direction of the side of a rolling tire and, as a result, the different directivity pattern from that of the air-pumping noise with the linear source model. FIG. 7 . ͑Color online͒ Pressure perturbation contours of the nonlinear ͑piston/sliding-door/cavity͒ source model in air-pumping noise generation process at ͑a͒ t = T p /2 ͑contact patch leading edge͒, ͑b͒ t = T ͑contact patch leading edge͒, ͑c͒ t = T p /2 ͑contact patch trailing edge͒, and ͑d͒ t = T ͑contact patch trailing edge͒.
C. Far-field acoustic pressure prediction
The far-field acoustic pressure is predicted by use of the Kirchhoff integral formula with the near-field flow data obtained in the second stage. In the present study, the cylindrical surface which is magnified the tire surface five times is considered as the control surface. In addition, to consider perfectly reflective ground surface, the image sources of sound are imposed under the road surface. Figure 12 shows the predicted acoustic pressure variations for several angles from the direction of travel during one air-pumping period at the position 7.5 m distance from the origin of the tire, the measurement point recommended in ISO R 362. From Eq. ͑5͒, the predicted acoustic pressure by use of the monopole theory is given by
Because the monopole theory models the air-pumping noise source as a point monopole source, the anti-phasic behavior of the air-pumping noise sources at the contact patch leading and trailing edges is not considered. Further, the cancellation process through the acoustic reflection by the tire and the road surfaces is not taken into account, either. Therefore, the predicted acoustic pressure level of the monopole theory is higher than that of the proposed method, which is shown in Fig. 12 .
By comparison between the time history of the airpumping noise generated with the linear source model ͑model 1͒ and that with the nonlinear source model ͑model 2͒, the nonlinear characteristics of the air-pumping noise can be ascertained. In case of model 1, the acoustic pressure amplitude has a symmetric distribution to the YZ plane ͑the axis of rotation of the tire, 90°Fig. 12͒ and its phase has an antisymmetric distribution. Moreover, there is little acoustic propagation in the direction of the axis of rotation of the tire. However, in case of model 2, contrary to the case of model 1, noise propagation in the direction of the axis of rotation of the tire is dominant. In addition, the level of the acoustic pressure of model 2 in the direction of travel of the tire ͑0°or 180°͒ is slightly lower than that of model 1. It seems that this disparity between model 1 and 2 results from the nonlinear behavior of the air-pimping noise source. In case of model 1, the phases of the air-pumping sources behavior at the contact patch leading and trailing edges are perfectly anti-phase each other. In addition, the nonmoving tire road geometry is symmetric to the axis. As a result, there exists a strong cancellation in the direction of the axis of rotation of the tire where retarded times from the contact patch leading edge and that from the trailing edge are nearly same each other. Thus, the level of the air-pumping noise is gradually decreasing as the observation point moves from the direction of travel ͑0°or 180°͒ to the direction of the axis of rotating of the tire ͑90°͒. But, in case of model 2, as mentioned before, the compressed air in the cavity is pressed away at the beginning of expansion process and interrupts suction of outside air into the cavity. Therefore, the phases of the air-pumping sources behavior at the contact patch leading and trailing edges are not perfectly anti-phase each other. Thus, there exists a weak cancellation. In addition, as seen in Fig. 7 , a strong pressure perturbation is generated in the region of the side of the tire groove, or near the tire side-wall. Thus, this pressure perturbation may increase the noise propagation in the direction of the axis of rotation of the tire. Similar result is shown in the ISO-sound-intensity contour diagrams for crossbar tread tire on smooth surface reported in the experimental data by Donovan and Oswald. 20 The experimental data shows that the acoustic intensity level in the tire side-wall area ͑in the direction of the axis of tire rotation͒ is significant, although not as high as that at the contact patch leading edge region.
In order to investigate the directivity pattern of the airpumping noise more clearly, the acoustic pressure distribution on the surface which has a radius of 7.5 m from the origin of the tire is shown in Fig. 13 . As seen in Fig. 12 , in case of the linear source model, the directivity patterns have an antisymmetric configuration to the YZ plane. Whereas, in case of the nonlinear source model, it is apparently seen that the noise radiation toward the direction of the axis of rotation of the tire is dominant and the level of the air-pumping noise in the forward direction is higher than that in the backward direction. This forward directivity results from the relative motion of the road surface to the tire groove and the compressibility of air. At the contact patch leading edge, the closing movement of the sliding-door ͑i.e., road surface͒ helps the air in the tire groove compressed more highly. At the contact patch trailing edge, however, the compressed air in the tire groove and the opening movement of the slidingdoor prevent the tire groove from sucking the outside air. Therefore, the noise emission of the air-pumping sources at the contact patch leading edge becomes more efficient. Similar forward directivity is shown in the intensity level contour diagrams reported in the Technical University of Gdansk experimental data. 2 The experimental data show that the highemission region locates at the leading edge of the footprint in the sound intensity maps for a summer tire tested at 90 km/ h on a very smooth surface for frequency within the range 1000-3150 Hz, which is the generally reported frequency range of the air-pumping noise.
In order to investigate the characteristics of the airpumping noise in frequency domain, the spectral analysis is performed with the acoustic pressure time history which is presented in Fig. 12. In Fig. 14 , the predicted A-weighted air-pumping noise spectrum which is generally used in the measurement of the tire/road noise is presented at one-third octave band frequencies. In the present study, the tread pattern periodicity was 55.6 mm, giving an expected excitation frequency of 500 Hz, which also appears in the spectra as a peak in both model cases. However, in case of model 2, the second peak at frequency approximately 1 kHz has a higher level than that of model 1. This higher level of the second peak frequency seems to result from the pipe resonance of the tire groove. The resonance frequency of the air in a pipe closed in both end is given by
where f r is the resonance frequency ͑Hz͒, c is the speed of sound ͑m/s͒, and l is the length of the pipe ͑m͒. In the present study, the pipe resonance frequency is 1039.39 Hz. Thus, it is shown that the pipe resonance effect is predictable in case of model 2 in which the air-pumping noise source is modeled with the piston/sliding-door/cavity geometry and numerically simulated. Further, in case of model 2, the predicted noise levels within the range 2 -8 kHz where it is reported that the air-pumping noise has most of its energy concentrated are increased, especially in the direction of the axis of rotation of the tire ͑90°͒. As mentioned before, the increase of noise emission in this direction is caused by the strong pressure perturbation near the tire sidewall, which results from the compressibility of the air and the relative motion of the road surface to the tire groove. Therefore, it is expected that the consideration of the nonlinear effect will be indispensable to study airpumping noise generation and propagation.
V. INFLUENCE OF VENTILATION ON AIR-PUMPING NOISE
The air-pumping mechanism is believed to be one of the most important in tire/road noise generation and many researches for investigating the air-pumping noise generation mechanism are in progress. However, the tire/road noise generation mechanism is an extremely complicated mixture of dynamic mechanisms and related phenomena, so it is difficult to identify the air-pumping noise. Furthermore, there are few research results that can be quantitatively compared with the predicted result in the present study. Therefore, to validate the proposed method, predicted results are qualitatively compared with experimental results of the influence of the pocket-type grooves on air-pumping noise spectra performed by Ejsmont et al. 4 In their experiment, the influence of pockets in the tread was observed on a hand-cut experimental tire. The tread patterns used in the experiment are shown in Fig.  15 . In their experiment the tire geometry, the traveling speed of the tire, and the tread pitch are same as the numerical settings of the present study. The length and depth of the experimental tire groove are not reported, however, so the tire groove is assumed to have the same dimension as that of the present study. In addition, the ventilating cavity would have the dimension as the tire groove width and a half of the tire groove depth. In Fig. 16 , the schematic diagram of the ventilated piston/sliding-door/cavity source model is shown. In order to ventilate the tire groove, an additional hexahedral cavity adjacent to the original piston/sliding-door/cavity model is equipped. As a result, though the tire groove is closed by the sliding-door in the air-pumping process, the air compressed by the piston can evacuate through the ventilating cavity. Figure 17 shows the SPL difference between the pocket type groove and the ventilated pocket type groove at onethird octave band frequencies at the position 62.82°from the direction of travel on XZ plane. In the experimental result, the ventilation of the pockets by circumferential groove decreases the levels of frequencies within the range 2 -6.5 kHz. However, the decrease of the predicted noise level occurs for frequencies within the range 3 -8 kHz. This discrepancy in frequency range seems results from the difference of the tire groove and the ventilating groove geometry with the experimental tire. Even though the discrepancy is somewhat large in the low frequency domain, it shows that the predicted results showing a decreasing tendency of the noise levels at frequencies affected by the nonlinearity of air-pumping noise agree well with the experimental results. Through experimental results of the influence of the groove width 4 which has a nonlinear dependence of emitted sound intensity upon it, the groove width has been found to have dominant effects on the air-pumping noise level at the frequencies about 1 -4 kHz. Meanwhile, as seen in Fig. 14 , the frequency range in which the noise level is affected by the nonlinearity of the air-pumping noise is about 2 -8 kHz in the present study. Thus, it can be inferred that the ventilation of the pocket-type groove has dominant effects on the noise sources which have nonlinear characteristics, and it can be checked in both experimental and predicted results.
Further, it is also found in both cases that a single ventilating groove eliminates the air-pumping noise level, which has nonlinear characteristics, almost as much as by three ventilating grooves.
VI. CONCLUDING REMARKS
In order to investigate the air-pumping noise from a car tire, a novel method based on a hybrid technique that combined a CFD technique with a Kirchhoff integral method is proposed. The air-pumping noise source behavior is obtained by the small-scale noise generation simulation with the piston/sliding-door/cavity model, which takes into account the relative motion of the road surface to the tire in the airpumping noise generation process. The obtained flow properties in the tire grooves are then transferred to the flow simulation of the full tire/road domain as an air-pumping noise source. Finally, the far-field acoustic pressure is predicted by the linear Kirchhoff integral method through the use of the acquired flow properties around rolling tire and road surface geometry.
Through the comparison of the linear and the nonlinear source model simulations, it is found that the nonlinearity of the air-pumping noise source affects not only noise characteristics in frequency domain but also in the directivity pattern. While the sound field of the linear air-pumping source is symmetric to the axis of rotation of the tire, the directivity pattern of the nonlinear air-pumping source is asymmetric, i.e., the nonlinearity of the air-pumping noise source increases the emission of noise in the direction of the axis of rotation and in the direction of traveling of the tire. In the frequency domain, it is found that an increase in noise emission occurs for frequencies within the range of 2 -8 kHz where it is reported that the air-pumping noise has most of its energy concentrated. Further, through a qualitative comparison of the ventilating effect with the measured data, it is also found that this noise peak level at frequencies 3 -8 kHz is suppressed by a ventilation of the tire groove. It shows that the predicted results showing a decreasing tendency of the noise levels at frequencies affected by the nonlinearity of air-pumping noise agree well with the experimental results.
By use of the three-stage hybrid technique based on a numerical method with nonlinear governing equations, the proposed prediction method can take into account the effect of the tire/road geometry and the nonlinearity of the airpumping noise source. Thus, the proposed method can cover the important physical processes of the air-pumping mechanism: the small-scale nonlinear noise generation, the midscale acoustic scattering process and the far-field noise propagation. From an engineering viewpoint, the proposed methodology is capable of providing us with an efficient method for further noise reduction and for the tire/road noise control. 
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